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The Tomato E8 Gene Influences Ethylene Biosynthesis in
Fruit but Not in Flowers®

Michelle L. Kneissl and Jill Deikman*

Department of Biology, 208 Mueller Laboratory, Biotechnology Institute, and Intercollege Graduate Program in
Plant Physiology, Pennsylvania State University, University Park, Pennsylvania 16802

We investigated the function of the tomato (Lycopersicon escu-
lentum) E8 gene. Previous experiments in which antisense suppres-
sion of F8 was used suggested that the E8 protein has a negative
effect on ethylene evolution in fruit. E8 is expressed in flowers as
well as in fruit, and its expression is high in anthers. We introduced
a cauliflower mosaic virus 355-E8 gene into tomato plants and
obtained plants with overexpression of E8 and plants in which E8
expression was suppressed due to co-suppression. Overexpression
of E8 in unripe fruit did not affect the level of ethylene evolution
during fruit ripening; however, reduction of E8 protein by co-
suppression did lead to elevated levels during ripening. Levels for
ethylene, 1-aminocyclopropane-1-carboxylic acid (ACC), and ACC
oxidase mRNA were increased approximately 7-fold in fruit of
plants with reduced E8 protein. Levels of ACC synthase 2 mRNA
were increased 2.5-fold, and ACC synthase 4 mRNA was not af-
fected. Reduction of E8 protein in anthers did not affect the accu-
mulation of ACC or of mRNAs encoding enzymes involved in eth-
ylene biosynthesis. Our results suggest that the product of the E8
reaction participates in feedback regulation of ethylene biosynthesis
during fruit ripening.

Ethylene is a gaseous plant hormone involved in specific
developmental processes, as well as in response to many
external stresses. Ethylene biosynthesis is increased in re-
sponse to stimuli such as wounding, pathogen attack, and
drought (Abeles et al., 1992). During normal development,
ethylene promotes a number of events, including senes-
cence, seed germination, abscission, and fruit ripening
(Abeles et al., 1992). In climacteric fruits such as tomatoes
(Lycopersicon esculentum), bananas, and avocados, the initi-
ation of ripening is associated with a burst in ethylene
biosynthesis, accompanied by a large increase in the respi-
ration rate (Rhodes, 1980). Tomato fruit ripening involves
the autolysis of cell-wall pectins, the synthesis of lycopene
and other carotenoid pigments, and changes in the acid
and sugar content associated with taste (Gray et al., 1992).
Ethylene biosynthesis during fruit ripening is autocatalytic,
such that a small amount of ethylene stimulates a massive
increase in ethylene production (Yang and Hoffman, 1984).
In recent years, definitive evidence that ethylene controls
fruit ripening has been obtained by suppression of ethylene
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production in transgenic tomato plants. These experiments
resulted in fruit that failed to ripen or had severely re-
tarded ripening (Hamilton et al., 1990; Oeller et al.,, 1991;
Klee, 1993; Picton et al., 1993; Theologis et al., 1993).

Ethylene biosynthesis begins with the conversion of Met
to S-adenosylmethionine, catalyzed by S-adenosylmethi-
onine synthase, followed by the formation of ACC by ACS.
Finally, ACC is converted by ACO to ethylene (Yang and
Hoffman, 1984). Genes encoding enzymes involved in eth-
ylene biosynthesis have been cloned from a number of
species (Kende, 1993). In tomato, nine ACS genes have been
identified (Zarembinski and Theologis, 1994), but only two of
these genes, LE-ACS2 and LE-ACS4, are expressed at a high
level in fruit (Rottmann et al., 1991; Yip et al., 1992). There is
a large amount of sequence divergence among the different
ACS genes, and even within tomato, the sequence identity of
ACS polypeptides to one another varies between 50 and 96%
(Rottmann et al,, 1991). ACO is encoded by a smaller gene
family, and its members are more similar to one another. In
tomato, there are three ACO genes, but only one is expressed
in fruit (Holdsworth et al., 1988). ACC can also be converted
to 1-(malonylamino)cyclopropane-1-carboxylic acid by ACC
N-malonyl transferase (Kende, 1993). This reaction is usually
not reversible and malonylation of ACC may contribute to
control of the rate of ethylene biosynthesis. ACC N-malonyl
transferase has been purified from tomato fruit and was
shown to be a 38-kD monomer. Its activity is greatest in the
pericarp of orange fruit and is induced by ethylene treatment
of unripe fruit (Martin and Saftner, 1995).

E8 is a gene regulated by ethylene during tomato fruit
ripening and has been shown to have a negative effect on
ethylene biosynthesis (Pefiarrubia et al., 1992). When the
level of E8 protein was reduced in transgenic tomato plants
by expression of an antisense E8 gene, ethylene levels were
increased 2- to 6-fold in ripening fruit. It is interesting that
the predicted E8 amino acid sequence has significant ho-
mology with ACO. E8 and ACO share 34% amino acid
sequence identity over 295 residues (Deikman and Fischer,
1988). Both E8 and ACO are homologous to a family of
enzymes known as 2-oxoglutarate-dependent dioxygen-
ases (Prescott, 1993). These enzymes require ferrous iron
and a reducing agent (usually ascorbate) for activity in
vitro, and most use 2-oxoglutarate and molecular oxygen

Abbreviations: ACO, ACC oxidase; ACS, ACC synthase;
CaMV 35S, cauliflower mosaic virus 35S; LUC, luciferase; PG,
polygalacturonase.
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as co-substrates (ACO does not use 2-oxoglutarate; Pres-
cott, 1993). Both ACO and E8 amino acid sequences contain
regions predicted to form an amphipathic helix containing
multiple Leu residues on one face (Peck et al., 1992; Kende,
1993). This structure indicates possible protein-protein in-
teractions (Landschulz et al., 1988) and suggests that E8
function may involve interaction with another protein or
the formation of a homodimer. Recent crystallization of
isopenicillin N synthase, also a 2-oxoglutarate-dependent
dioxygenase, suggests that the active site is buried within a
conserved jelly-roll motif, which is present in ACO and
possibly E8, forming a new structural family of enzymes
(Roach et al., 1995).

E8 is transcriptionally activated at the onset of ripening
(Lincoln and Fischer, 1988a). Analysis of E8 expression in fruit
of wild-type, mutant, and transgenic plants defective in eth-
ylene biosynthesis and in fruit treated with an inhibitor of
ethylene action indicated that E8 is controlled in fruit by both
ethylene and ethylene-independent fruit- ripening signals
(Lincoln et al., 1987; Lincoln and Fischer, 1988a, 1988b; Del-
laPenna et al., 1989; Theologis et al., 1993). Analysis of the E8
promoter revealed that separate cis-elements are involved in
ethylene-responsive expression and in expression in response
to the ethylene-independent fruit-ripening signals (Deikman
et al,, 1992). E8 is not activated by ethylene in leaves (Lincoln
and Fischer, 1988a), and its expression has been considered
fruit-specific. A more complete knowledge of the expression
pattern of E8 is important, since the E§ promoter has been
used for genetic engineering of fruit ripening (Giovannoni et
al., 1989; Good et al., 1994).

Several hypotheses have been suggested for the function
of the E8 protein. Autoinhibition of ethylene biosynthesis
has been demonstrated in a number of instances (Yang and
Hoffman, 1984). E8 may negatively regulate ethylene bio-
synthesis directly or indirectly. For example, it is conceiv-
able that E8 could directly interact with ethylene biosyn-
thetic enzymes to inhibit their activity or that E8 could
encode an enzyme that metabolizes ACC. It is also possible
that E8 action could indirectly trigger feedback regulation
of ethylene biosynthesis. For example, plants impaired in
ethylene perception have an increased rate of ethylene
production (Atta-Aly et al., 1987; Guzman and Ecker, 1990;
Chi et al., 1991), and it is inferred that ethylene biosynthesis
in such plants is up-regulated in an attempt to correct a
perceived deficiency in ethylene levels. It has been hypoth-
esized that E8 function could be required for ethylene
perception, by oxidation of the putative metalloprotein
ethylene receptor (Theologis, 1992).

To further understand the function of E8, we used trans-
genic plants to (a) localize E8 expression at the tissue level
to determine whether its expression is correlated with eth-
ylene biosynthesis and (b) examine the effect of altering E8
gene expression on the expression of genes encoding eth-
ylene biosynthetic enzymes. We found that the expression
of E8 is not limited to tomato fruits but is also present in
flowers. We also found that in fruit reduction in E8 protein
resulted in an increase in the concentrations of ACO and
ACS2 mRNAs, but reduction in E8 protein does not appear
to affect ethylene biosynthesis in anthers.
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MATERIALS AND METHODS

Tomato (Lycopersicon esculentum cv Ailsa Craig) plants
were grown under standard greenhouse conditions. Seeds
for the Never-ripe mutant and background L. esculentum cv
Rutgers were obtained from the C.M. Rick Tomato Genetics
Resource Center (University of California, Davis). E8 anti-
sense seeds (line 125-19) were generously provided by Dr.
Lola Penarrubia (Pefarrubia et al., 1992). Seeds for trans-
genic tomato plants (cv UC82B) bearing an E8-GUS chi-
meric gene were obtained from Dr. Harry Klee. The ES-
GUS gene includes E8 5’ flanking sequences from an EcoRI
site at —2181 to an Ncol site introduced at the start of
translation (Giovannoni et al., 1989). The GUS-coding se-
quences and vector were as described previously (Jeffer-
son, 1987), as was the determination of the developmental
stage of fruit (Lincoln et al., 1987). The developmental stage
of flowers was based on the report of Ursin et al. (1989),
with modifications to account for cultivar differences.
Stage 1 was defined by sepal tips pulling apart slightly and
a tip-to-pedicle length of 6 mm. Stage 2 flowers were those
10 mm in length, and stage 3 (green petal) and 4 (mature)
flowers were as described previously (Ursin et al., 1989).

Construction of Chimeric Genes

To make the E8-LUC chimeric gene the following four
fragments were ligated: (a) the E8 5’ flanking sequences
from the EcoRI site at —2181 to an Ncol site introduced at
the start of translation (Giovannoni et al., 1989) and filled in
with Klenow, (b) a BsmI-Sstl LUC gene fragment (Ow et al.,
1986), (c) a Sacl-EcoRI fragment containing the 3’ poly(A)
addition sequence from the NOS gene (from pBI101.2;
Clontech, Palo Alto, CA), and (d) pUC18 digested with
EcoRIL. The E8-LUC portion of this construct was released
by digestion with Sacl. The pBI101 vector was prepared by
digestion with Smal, addition of Sacl linkers, and digestion
with Sacl. The vector was then gel-purified and ligated
with the E8-LUC fragment.

To generate a —90 CaMV 35S promoter-LUC gene, CaMV
35S promoter sequences from EcoRV to BamHI (from
pBI121, Clontech) were ligated to a BamHI-Sstl LUC frag-
ment (Ow et al,, 1986), an SstI-EcoRI fragment containing
the 3’ poly(A) addition sequence from the NOS gene (from
pBI101.2, Clontech), and pUC119-digested with EcoRI and
Sall (filled in). The —90 35S-LLUC gene was released by
digestion with Hindlll and Sacl. A plant transformation
binary vector was prepared by digestion of pBI121 with
HindIll and Sacl and gel-purified. The —~90 355-LUC frag-
ment was ligated with this pBI121 vector (minus the 355~
GUS gene).

To overexpress the E8 gene, a construct was made con-
sisting of the CaMV 35S promoter fused to the transcribed
sequences of E8. To this end, pBI121 (Clontech) was di-
gested with Smal and EcoRI (releasing the GUS sequences),
and the gel-purified vector was ligated with E8 genomic
sequences from Xmnl (+6) to EcoRI (+2286).

All DNA fragments used in cloning were purified on
agarose gels with DEAE membranes (Schleicher & Schuell).
Each construct was verified by double-stranded DNA se-
quence analysis.
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Plant Transformation

Sterile cotyledon pieces were infected with Agrobacterium
tumefaciens 1.BA4404 bearing plasmids containing the chi-
meric genes as described previously (Deikman and Fischer,
1988), except that tobacco feeder cells were not used. The
presence of T-DNA in primary transformed plants and
their progeny was determined either by Southern blot anal-
ysis (Deikman and Fischer, 1988) or by PCR as described by
Konieczny and Ausubel (1993).

Analysis of Reporter Gene Activity

Fruit slices were stained for GUS activity using 5-bromo-
4-chloro-3-indoyl glucuronide (Gold Biotechnology, St.
Louis, MO) as described previously (Montgomery et al,,
1993). Staining was allowed to proceed for 5 h at room
temperature. Stage 4 flowers were vacuum-infiltrated for 1
min in 5-bromo-4-chloro-3-indoyl glucuronide buffer (Jef-
ferson, 1987) and then incubated overnight at 37°C. LUC
activity was determined as described before (Xu et al,
1996).

Determination of Ethylene Evolution and
ACC Concentration

Fruits were picked at the breaker stage and stored at
28°C in the dark. Ethylene evolution was measured daily
by placing individual fruits in sealed 250-mL containers
and incubating them for 1 h at room temperature. A 1-mL
gas sample was then removed from the container and
ethylene concentration was determined by GC (model
58404, Hewlett-Packard). Stage 4 anthers were flash-frozen
in liquid nitrogen. Endogenous ACC levels were measured
according to the method of Singh et al. (1992) and com-
pared with a standard curve. For measurement of ACC
concentration, fruit tissues were tested for ethylene evolu-
tion as described above, and pericarp tissue was flash
frozen at the peak of evolution. Tissue was then ground in
200 mm NaPO, buffer, pH 8.0, at a ratio of 1 g of tissue to
2 mL of buffer. The extract was then filtered through
cheesecloth and centrifuged at 1.5 X 10%*¢ for 10 min at
room temperature. An aliquot was assayed for ACC using
the method of Lizada and Yang (1979) and compared with
a standard curve.

RNA Blot Analysis

RNA from anthers, leaves, and ovaries was isolated as
described by Deikman and Hammer (1995). RNA from
fruit was isolated as described by DellaPenna et al. (1986).
Total RNA was denatured with formaldehyde, separated
by electrophoresis on agarose-formaldehyde gels, blotted
onto membranes (Genescreen, New England Nuclear), and
hybridized with *?P-labeled DNA as described by Sam-
brook et al. (1989). Prehybridization and hybridization
were carried out at 42°C in a buffer containing 5X SSPE
(1X SSPE = 0.15 m NaCl, 0.01 m NaH,PO,, 0.001 m EDTA,
pH 7.4; Sambrook et al., 1989), 50% (v/v) formamide, 5X
Denhardt’s solution (Sambrook et al., 1989), 1% (w/v) SDS,
and 100 pug mL™' denatured salmon sperm DNA. After

hybridization, the blots were washed at 55°C in 0.1x SSPE,
0.05% (w/v) sarcosine, and 0.01% (w/v) sodium PPi. Hy-
bridizing probe DNA was removed from the blot by treat-
ment for 10 min at 100°C with 1% (w/v) SDS in 10 mM Tris,
pH 8.0, and 1 mm EDTA and then reprobed as described
above. Relative intensity of probe hybridization of the var-
ious mRNAs was quantified using a blot analyzer (mode]
603 Betascope; Betagen, Waltham, MA). The significance of
the difference in transcript levels between wild-type and
transgenic samples was determined by Student’s ¢ test.

E4, E8, and PG cDNAs were obtained from Dr. Robert L.
Fischer (DellaPenna et al., 1987; Lincoln et al,, 1987). The
ACO cDNA was generously provided by Dr. Hans Kende
(Peck et al., 1992). ACS2 and ACS4 cDNAs were kindly
provided by Dr. Athanasios Theologis (Rottmann et al.,
1991). Specific probes for each ACS gene were prepared by
isolation and labeling of the 3’ EcoRI fragment of each
c¢DNA (Rottmann et al., 1991).

Immunoblot Analysis

Protein was extracted by homogenizing tissue in buffer
containing 0.06 M Tris-HC, pH 6.8, 10% (v/v) glycerol, 2%
(w/v)SDS, 20% (v/v) B-mercaptoethanol, and 0.01% (w/v)
bromphenol blue at a ratio of 3 mL of buffer per gram of
tissue. Cellular debris was removed by centrifugation at
1.5 X 10*¢ for 10 min. Protein concentration was deter-
mined with the a protein assay dye reagent (Bio-Rad). The
samples were denatured at 100°C for 3 min and resolved by
polyacrylamide gel electrophoresis (Laemmli, 1970). Dupli-
cate gels were electrophoresed and stained with Coomassie
blue to verify equal loading. The proteins were transferred
onto nitro- cellulose membranes (Schleicher & Schuell) us-
ing an electroblot apparatus (Trans-Blot Cell, Bio-Rad) in
25 mm Tris, 192 mm Gly, and 20% (v/v) methanol at 100 V
for 3 h. Transfer was verified using 0.1% (w/v) Ponceau
red solution and 5% (v/v) acetic acid. The nitrocellulose
blot was then reacted with mouse polyclonal anti-E8 anti-
body (Pefiarrubia et al., 1992) and goat anti-mouse alkaline
phosphatase conjugate (Sigma) as described previously
(Sambrook et al., 1989).

RESULTS
Localization of E8 Expression

Previous studies have shown that the accumulation of E8
mRNA increases at the onset of tomato fruit ripening and
that E8 expression is controlled at the transcriptional level
(Lincoln and Fischer, 1988a). We examined the localization
of E8 expression using three plants independently trans-
formed with a chimeric gene containing the full-length
(2181 bp) E8 promoter fused to the coding sequences for
the GUS gene. Fruits from both untransformed and trans-
formed plants were stained for GUS activity. We observed
no blue staining in fruit from untransformed controls (data
not shown). In unripe (mature green 1) fruit, GUS staining
was detectable in vascular bundles but not in intervascular
parenchyma cells (Fig. 1A). At the first sign of red pigment
formation in the fruit, the mature green 4 (MG4) stage, the
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Figure 1. Expression of an E8-GUS gene in tomato fruits, flowers, and pollen. A, Fruits of different developmental stages from
an E8-GUS transformant were sliced, and slices were photographed either unstained or stained for GUS activity. No GUS
staining was evident in untransformed controls (not shown). B, Wild-type and E8-GUS stage 4 flowers were cut in half and
then stained for GUS activity. C, Mature pollen grains of wild-type or E8-GUS flowers were stained for GUS activity. Notice
the ratio of stained to unstained pollen grains in the E8-GUS pollen, indicating the hemizygous genotype of the parent.

pericarp stained darkly for GUS activity, but there was
little staining in the columella. Expression of the ES-GUS
gene continued to increase throughout ripening of the fruit
including the columella tissue. E§-GUS expression at the
red ripe stage was at a uniformly high level throughout the
fruit.

Although E8 expression had been considered to be fruit-
specific, we also found significant E§ expression in mature
(stage 4) flowers (Fig. 1B). Flowers at this stage exhibited
moderate levels of expression in the anther cone and low
levels in the ovary. No GUS activity was found within the
style or stigma (data not shown). We also found GUS
activity in mature pollen grains of E§-GUS plants but not in
pollen from untransformed control plants (Fig. 1C). Only
about half of the pollen from this transgenic plant stained
blue, indicating that the E8-GUS gene was active in the
gametophytic stage of this plant, which was hemizygous
for the transgene. Because of reports of artifactual GUS
expression in pollen (Uknes et al., 1993), we also examined
the expression of an E8-LUC gene in stably transformed
plants. We found high levels of LUC activity in the pollen
of plants transformed with E§-LUC and much lower levels
of LUC activity in the pollen of plants transformed with a
chimeric gene consisting of a minimal CaMV 35S promoter

fused to LUC (Fig. 2). These results confirm that the E8
promoter is active in pollen.

To further define E8 expression in flowers, we analyzed
RNA extracted from anthers and ovaries of mature (stage
4) flowers. We found that there was a significant amount of
E8 mRNA in the anthers and a low level in the ovaries (Fig.
3A). We also isolated proteins from anthers and ovaries of
flowers of different stages and analyzed them by immuno-
blotting with an anti-E8 antibody (Fig. 3B). We found that
E8 protein is only detectable in stage 4 anthers but not in
the anthers of flowers at earlier stages of development. A
low level of E8 protein was transiently detected in stage 3
ovaries. We were not able to detect E8 mRNA or protein in
pollen isolated from mature flowers (data not shown). For
this reason, we believe that the majority of the E8 protein
present in stage 4 anthers accumulates in the anther wall.

To determine whether E8 protein is regulated by ethyl-
ene in anthers, as is the case in fruit, we examined the effect
of the Never-ripe (Nr) mutation on accumulation of E8
protein in anthers. The Nr gene is thought to encode an
ethylene receptor, and ethylene insensitivity of Nr mutant
plants has been demonstrated both for fruit ripening and
for several seedling growth parameters (Lanahan et al.,
1994). Both transcription and mRNA accumulation of E8 is
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Figure 2. Luc activity in pollen of transgenic plants. E8full, Full-
length E8 promoter fused to LUC; —90CaMV, 90-bp CaMV 355
promoter fused to LUC. n = 5, with pollen collected from two
flowers per measurement. Measurements were pooled from three
independent transformants for E8full and two independent transfor-
mants for —90CaMV. Error bars represent sks.

significantly decreased in the fruit of Nr mutant plants
(DellaPenna et al., 1989). In contrast, we found that a
normal level of E8 protein accumulated in stage 4 anthers
of Nr flowers, compared with a nearly isogenic control
plant (Fig. 3C).

Overexpression of E8 Protein in Transgenic Tomato Plants

To learn more about the function of E8 in the fruits and
flowers of tomato plants, we performed experiments to

MG1 50% L A O

A

Anthers Ovaries
B 1

2 3 4 1 2 3 4

50% Wt Nr
42 kDE L

Figure 3. E8 expression in tomato flowers. A, RNA gel blot analysis
comparing E8 mRNA levels in fruit (MG1 = mature green 1; 50% =
50% red), leaves (L), anthers (A), and ovaries (O), from stage 4
flowers; 10 pg of total RNA was loaded per lane. B, Immunoblot of
E8 protein in extracts from anthers and ovaries of stage 1 to 4 flowers
(lanes 1-4). C, Immunoblot of E8 protein in extracts from wild-type
(Wt) compared with Nr (Nr) stage 4 anthers. For immunoblots 7 ug
of protein from anthers and ovaries and 1.4 ug of protein from fruit
was loaded on the gel.

alter E8 protein levels in transgenic plants. We transformed
plants with a chimeric gene consisting of the CaMV 35S
promoter fused to the transcribed sequences of the E8 gene
(Fig. 4A) and expected this highly active promoter to result
in high levels of expression throughout the transgenic
plants (Odell et al., 1985).

We analyzed E8 expression in the fruit of 24 indepen-
dently transformed plants by RNA gel blots (data not
shown). Eighteen (75%) of these plants had greatly in-
creased levels of E8 mRNA in unripe fruit, and six (25%)
exhibited co-suppression (Napoli et al., 1990; van der Krol
et al,, 1990) and had greatly reduced levels of E8 mRNA in
ripening fruit compared with untransformed control plants
(data not shown). E8 protein levels corresponded to E8
mRNA levels in the fruit of transgenic plants. Immunoblot
analysis of a few representative lines is shown in Figure 4B.
Normally there is no detectable E8 protein in unripe fruit,
but E8-overexpressing fruit had levels of E8 protein in
unripe fruit similar to those found in ripening fruit (Fig.
4B). However, these plants did not contain a significantly
higher concentration of E8 protein in their ripening fruit
compared with wild-type plants. At most there was a
doubling in the amount of E8 protein in the ripening fruit
of the E8-overexpressing plants. Plants with E8 overex-
pression in fruit had slightly increased levels of E8 pro-
tein in the anthers (Fig. 4B). In plants that exhibited
co-suppression, E8 protein levels in both fruits and an-
thers were significantly reduced; we did not detect any
E8 protein in fruit or anthers from these lines by immu-
noblotting. We also did not detect any E8 protein in fruit

CaMV 35S
Promoter E8 Gene
A 800 bp
+2285
Wt MG1 50%
B MG1 50% AS CS OE{OEp AS CS{OE,

¢ Fruit

50% Wt AS OE{CS{CS,

T -

Figure 4. Altered E8 protein levels in transgenic tomato plants. A,
Chimeric gene introduced into plants to achieve ectopic expression
of E8. The 800-bp CaMV 35S promoter was fused to the transcribed
sequences of the E8 gene from +6 to +2285 bp from the transcrip-
tion initiation site. Hatched boxes represent exons, and lighter hatch-
ing indicates untranslated leader sequences. B, Immunoblot of E8
protein in extracts from fruits and anthers of plants transformed with
the 355-E8 gene or with an E8-antisense construct (Pefarrubia et al.,
1992). Wt, Wild type; MG1, mature green 1 fruit; 50%, 50% red fruit;
AS, E8 antisense, CS, co-suppressed; OE, overexpressed. Subscripts
indicate independent transformants. For fruit samples 1 g of protein
and for anthers 7 pg of protein was loaded on the gel.
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or anthers from plants bearing an E8-antisense construct
(Pefiarrubia et al., 1992; Fig. 4B).

We determined the number of transgenes present in each
individual transformant by Southern analysis (data not
shown) and selected six individuals with insertions at a
single locus for further analysis. Three of these lines were
E8 overexpressers, and three had reduced E8 protein.

Effect of E8 Protein Levels on Ethylene
Evolution and Biosynthesis

When E8 protein levels were reduced by antisense ex-
pression of the E8 gene, the amount of ethylene produced
during fruit ripening was increased (Pefiarrubia et al.,
1992). We found that lines with reduced E8 protein levels
due to co-suppression exhibited the same phenomenon and
that fruit of both E8 antisense and co-suppressed plants
had 7- to 8-fold more ethylene than the wild type at the
peak of ethylene evolution (Fig. 5A). However, we found
that neither the substantial increase in E8 protein level at
the MGI stage nor the 2-fold increase in ripening fruit had
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Figure 5. Ethylene evolution in fruits and ACC levels in anthers and
fruits of wild-type and transgenic tomato plants. A, Peak ethylene
evolution in fruits of wild-type and transgenic plants. WT, Wild type;
AS, E8 antisense; CS, co-suppressed; and OE, overexpressed. n = 9
to 16. B, Levels of ACC in fruits and anthers of transgenic and
wild-type plants. Fruits were flash-frozen at the peak of ethylene
evolution, n = 3. Stage 4 anthers, n = 6 to 9, with two anthers per
measurement. Error bars represent ses. Where bars are not shown the
error was no greater than the size of the symbol. gr fr wt, Grams fresh
weight.
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any significant effect on ethylene evolution in ripening
tomato fruits (Fig. 5A).

To further investigate the effect that altering E8 protein
levels has on ethylene evolution, we measured the levels of
ACC, the immediate precursor to ethylene, in both stage 4
anthers and ripening fruits of our transgenic plants. We
found that the fruit of E8 co-suppressed and antisense
plants exhibited an approximately 7- to 9-fold increase,
respectively, in ACC levels compared with wild type at the
peak of ethylene evolution (Fig. 5B). Thus, the increase in
ACC levels corresponded well with the increase in ethyl-
ene evolution measured in fruits of these lines (Fig. 5A).
We were not able to measure ethylene evolution from
flowers because of the induction of wound ethylene from
picked flowers and because of the short life span of the
picked flowers. We did measure ACC from isolated an-
thers, which were flash-frozen immediately after harvest.
In contrast to what we found in fruit, reduction in E8
protein had no effect on endogenous ACC levels of stage 4
anthers (Fig. 5B).

To examine the mechanism by which E8 protein influ-
ences ethylene biosynthesis in ripening fruit, we measured
the relative levels of mRNAs encoding the enzymes in-
volved in ethylene biosynthesis. RNA was isolated from
individual fruits harvested at the first sign of red color
formation, and then frozen 2 d later, when ethylene evo-
lution was maximal. We examined mRNA in fruit from
wild-type plants, the E§ antisense plant, and two indepen-
dently transformed plants that had co-suppression of E8.
The level of E8 mRNA was reduced approximately 20-fold
in both E8 antisense and co-suppressed fruit compared
with wild type (Fig. 6). This number is most likely an
underestimate of the amount of reduction of the E8 mes-
sage, because it includes a signal from a band of unknown
identity that hybridized to the E8 probe and migrated just
above the E8 mRNA but that was not affected by antisense
or co-suppression of the E8 gene. ACO mRNA levels were
significantly increased (approximately 6.6-fold [Fig. 6]) in
fruits with reduced levels of E8 protein. Gene-specific
probes for both ACS2 and ACS4 were used to examine ACS
mRNA levels. AC52 mRNA concentration increased mod-
erately (about 2.5-fold [Fig. 6]) in fruits with reduced levels
of E8 mRNA. The accumulation of ACS4 mRNA was highly
variable among individual fruits of both wild-type and
transgenic plants, and reducing E8 protein concentration
had no effect on ACS4 mRNA levels (data not shown). The
mRNA for PG was also not significantly affected by a
reduction in E8 protein concentration (Fig. 6).

To assess the sensitivity to ethylene of plants with re-
duced E8 protein, we examined the accumulation of
mRNA for the ethylene-responsive E4 gene (Fig. 6). We
found that E4 mRNA accumulated in fruit to a level more
than twice that of wild type in plants with reduced E8
protein.

We also examined the expression of genes of the ethylene
biosynthetic pathway in anthers from plants with reduced
E8 protein. We isolated RNA from approximately 10 stage
4 anthers from wild-type plants, a co-suppressed line, and
the antisense line. The level of E8 mRNA in stage 4 anthers



E8 and Ethylene Biosynthesis 543

Transgenic/

A _Wildtype _CS B Wildiype Transgenic Wildtype

1.81+£.0.36 0.09£0.01 0.05x

0.15+0.03  0.99+0.14 6.60x

0.06£0.02  0.15+.0.01 2.50x

0.74+0.22 1.85+0.18 2.50x

0.411£0.17  0.65£0.05 1.60x

rDNA

Figure 6. Accumulation of specific mRNAs in fruit with reduced E8
protein. A, RNA gel blot analysis of RNA from individual wild-type
and transgenic tomato fruits. Fruits were flash-frozen at the peak of
ethylene evolution. Total RNA (18 pg) from individual fruits was
loaded in each lane. AS, Antisense; CS, co-suppressed. B, Relative
concentration of each transcript in fruit from wild-type and trans-
genic plants. Each band was quantified using a blot analyzer (Beta-
scope, Betagen) and corrected for differences in loading by dividing
with counts per minute for rDNA hybridization. The average of the
three replicas is shown (cpm * si). The difference in transcript levels
between wild-type and transgenic fruit was significant, with P > 0.95
except for the PG mRNA.

was reduced approximately 9-fold (Fig. 7) in these lines. In
anthers, mRNA levels for ACO and ACS2 were not affected
by the concentration of E8 protein (Fig. 7). The level of
ACS2 expression in wild-type plants was different in the
two samples harvested several weeks apart. However, the
amount of ACS2 mRNA in the anthers was similar in the
transgenic plant and the untransformed control that was
harvested at the same time. No expression of ACS4 was
detected in the anthers of any of the genotypes tested (data
not shown). We also found that the E4 gene was expressed
in stage 4 anthers, and its expression was also not affected
by the level of E8 protein in the anthers (Fig. 7).

To determine whether the changes in accumulation of
ACO and ACS2 mRNAs in the fruit of transgenic plants
with reduced E8 protein could be a response to the in-
creased levels of endogenous ethylene, we examined the
accumulation of these transcripts in wild-type, unripe fruit
treated with air or with 20 uL/L ethylene for 8 h. Figure 8
shows that ACO and E4 mRNA levels were both increased
by a similar amount (26- and 20-fold, respectively) in fruit
treated with ethylene. In contrast, mRNA concentrations
for ACS2 and ACS4 were not affected by an 8-h treatment
with ethylene, although the levels of these transcripts did
increase during fruit ripening (Fig. 8).

DISCUSSION

E8 Affects Ethylene Biosynthesis during Fruit Ripening

The reduction of E8 protein by antisense expression of E8
in tomato plants was previously shown to result in an

increase in the level of ethylene produced during fruit
ripening (Penarrubia et al., 1992). We have now repro-
duced that effect by a different method of reducing E8
protein levels. We found that in plants exhibiting co-
suppression of E8 there was a similar increase in the eth-
ylene evolution rate in ripening fruit (Fig. 5A). Ethylene
has been shown to regulate its own biosynthesis, both
positively and negatively (Yang and Hoffman, 1984). Au-
toinhibition of ethylene biosynthesis has been demon-
strated by application of exogenous ethylene to wounded
flavedo tissue of citrus fruits (Riov and Yang, 1982), to
banana fruits (Vendrell and McGlasson, 1971), and to sy-
comore figs (Zeroni and Galil, 1976). It is possible that the
increase in ethylene evolution demonstrated in both E8
co-suppressed and antisense lines is due to the loss of
negative regulation of ethylene biosynthesis with the loss
of E8 function. This effect could result from a direct inter-
action of E8 with enzymes in the ethylene biosynthetic
pathway. Alternatively, the effect could be indirect. For
example, the product of the E8 reaction could influence
a signal transduction pathway that regulates ethylene
biosynthesis.

E8 Effect on Ethylene Biosynthesis Is Specific to
Fruit Ripening

Our discovery of E8 expression in flowers allowed us to
compare the effects of reducing E8 protein levels in two
different organs. If E8 affects ethylene biosynthesis di-
rectly, we should see the same effect on ethylene evolution
in flowers that we see in fruit. We focused on stage 4
anthers because that was the part and stage of the flower
that had the greatest amount of E8 mRNA and protein
(Figs. 1 and 3). We were not able to detect any E8 protein

Transgenic/
A Wildtype CS AS B _Wildlype Transgenic  Wildtype
% —1
0.26+0.02  0.03+0.01 0.12x
0.09+0.01  0.07+0.02 0.78x
0.06:0.02  0.06+0.03 1.00x
0.07+0.02  0.05+0.01 0.71x

Figure 7. Accumulation of specific mRNAs in tomato anthers with
reduced E8 protein. A, RNA gel blot analysis of RNA from transgenic
stage 4 anthers. Total RNA (18 ug) pooled from approximately 10
anthers was loaded in each lane. AS, Antisense; CS, co-suppressed.
Anthers for the wild type shown in lane 1 were harvested at the same
time as the antisense anthers, and anthers for the wild type shown in
lane 2 were harvested at the same time as the co-suppressed anthers.
B, Relative concentration of each transcript in anthers from wild-type
and transgenic plants. Each band was quantified as described for
Figure 6. The average of the two replicas is shown (cpm * SE).
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rDNA

Figure 8. Accumulation of specific mRNAs in response to ethylene.
RNA was isolated from immature fruit (IM), unripe (MG1) fruit treated
with air (—E) or ethylene (+E), and 50% red fruit of wild-type plants.
Each lane contained 20 ug of RNA.

in anthers from our plants with co-suppression or antisense
suppression of E8 by immunoblotting, even after extended
developing times. Furthermore, we analyzed anthers from
the same plants that exhibited an ethylene overproduction
phenotype in the fruit. We did not directly measure ethyl-
ene evolution from anthers because we expected wound
ethylene production from excised tissue (Abeles et al.,
1992), which would prevent an assessment of ethylene
levels in intact anthers. Instead, we measured ACC levels
in anthers from wild-type plants and transgenic plants
with reduced E8 protein. Although ACC levels in fruit
increased to the same degree as ethylene levels, we found
that ACC levels in anthers were not affected by E8 protein
concentration (Fig. 5B). Furthermore, whereas levels for
ACO and ACS2 mRNA were increased by a reduction in E8
protein in fruit, levels of these mRNAs were not affected in
the anthers of these same transgenic plants. These data
suggest that E8 does not function primarily as a regulator
of ethylene biosynthesis.

We did not see an effect from overproduction of E8
protein on ethylene evolution in fruit. In plants overex-
pressing the E8 protein, we were able to achieve only an
approximately 2-fold increase in E8 protein concentration
during fruit ripening, but a 2-fold difference in ethylene
evolution would be resolvable (Pefiarrubia et al., 1992). It is
possible that the E8 protein is normally present at saturat-
ing levels in ripening fruits. In fact, Pefiarrubia et al. (1992)
found that ethylene overproduction was present only in
fruit in which E8 protein was reduced to levels that were
undetectable by immunoblotting. Furthermore, we were
able to greatly increase the level of E8 protein in unripe
fruit and obtained plants with unripe fruit that had the
same amount of E8 protein as is normally present in a
ripening fruit (Fig. 4B). However, this massive increase of
E8 in unripe fruit did not affect ethylene production during
fruit ripening (Fig. 5A). These results indicate that E§ does
not itself encode the enzyme that metabolizes ACC, ACC
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N-malonyl transferase, because, if E8 encoded malonyl
transferase, overproduction of E8 protein at the unripe and
ripening stages would reduce ACC pools and, therefore,
ethylene levels during ripening.

The fact that the E8 effect is specific to ripening fruit and
that an excess of E8 protein has no measurable effect on
ethylene biosynthesis suggests that E8 does not directly
interact with enzymes involved in ethylene biosynthesis. It
also supports the idea that E8 acts in conjunction with
another factor present only in ripening fruit to affect eth-
ylene biosynthesis.

E8 Affects Multiple Steps of Ethylene Biosynthesis

We have carried out experiments to identify steps in
ethylene biosynthesis that are affected by reductions in E8
protein. We determined that ACC, the direct precursor to
ethylene, is increased to a similar degree as ethylene in
fruit from transgenic plants (Fig. 5B). We also found that
the concentrations of mRNAs of two genes in the ethylene
biosynthetic pathway, ACO and ACS2, are increased by the
reduction in E8 protein (Fig. 6). ACO mRNA was increased
6.6-fold and ACS2 mRNA was increased 2.5-fold. We found
no effect of E8 on accumulation of ACS4 mRNA (data not
shown).

The amount of increase in ACO mRNA correlated well
with the increase in ethylene evolution. In fact, ACC, ACO
mRNA, and ethylene evolution were all increased approx-
imately 7- to 9-fold in fruits with reduced E8 protein levels.
The 2.5-fold increase in ACS2 message is not sufficient to
account for the increase in ACC levels that we measured. It
is possible that an ACS gene not normally expressed during
fruit ripening is activated in the transgenic plants. Alter-
natively, reduction in E8 protein may affect the activity or
stability of the ACS protein. ACS has a relatively short
half-life, approximately 40 to 58 min in wounded tomato
fruit tissue (Kende and Boller, 1981; Kim and Yang, 1992).
Thus, control of the stability of the ACS enzyme could be a
means of regulation of ethylene biosynthesis. The finding
that the activity of ACS synthesized in bacteria is increased
by deletion of 46 to 52 amino acids from the carboxy
terminus demonstrates a possible mechanism for control of
ACS activity (Li and Mattoo, 1994).

To determine whether the increases in ACO and ACS2
mRNAs that we observed in fruit with reduced E8 protein
could be due to an increase in endogenous ethylene levels,
we examined the accumulation of these mRNAs in re-
sponse to an 8-h treatment of unripe, wild-type fruit with
ethylene. Under these conditions, mRNAs for the E4 and
E8 genes accumulate to high levels, but mRNAs for some
genes regulated during fruit ripening, such as PG, do not
increase (Lincoln et al., 1987). We showed that ACO mRNA
concentration in unripe fruit increased within 8 h of ethyl-
ene treatment to levels similar to E4 mRNA. However,
ACO mRNA was increased 6.6-fold in the transgenic fruit,
whereas E4 mRNA was increased only 2.5-fold. If both
mRNAs were responding only to endogenous ethylene in
the transgenic fruit, one might expect that their levels
would increase by similar amounts. Since ACO mRNA
levels increased much more than E4 mRNA levels, ACO
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mRNA accumulation in fruit from the transgenic plants
could be responding to other signals in addition to ethyl-
ene. Similar reasoning can be used to infer that ACS2
mRNA levels in the transgenic fruit may increase in re-
sponse to signals other than ethylene. ACS2 mRNA accu-
mulation was not rapidly induced by ethylene (Fig. 8),
although it did accumulate in response to physiological
levels of ethylene after 48 h of treatment (Rottmann et al.,
1991). Regulation of ACS2 expression during fruit ripening
thus appears similar to the PG gene (Gray et al, 1992).
Transgenic plants with reduced E8 protein did not accu-
mulate significantly more PG mRNA than wild-type plants
(Fig. 6), suggesting that the increase in AC52 mRNA that
we observed could be due to signals in addition to
ethylene.

Taken together, our results indicate that E8 does not
affect one single step of the ethylene biosynthetic pathway,
but rather affects several steps, and that E8 action may
influence a regulatory pathway active only in ripening
fruit, which controls ethylene biosynthesis. One way that
E8 could indirectly affect ethylene evolution is for it to be
involved in ethylene perception (Theologis, 1992). How-
ever, we found that the ethylene-responsive E4 gene is
expressed at normal levels in plants with reduced levels of
E8 protein (Fig. 6). In fact, E4 mRNA levels are increased
about 2.5-fold in the fruit of plants with reduced E8 pro-
tein, probably in response to the increase in ethylene pro-
duction in these fruit. This result indicates that ethylene
perception is intact in plants with reduced E8 protein.

Variability in ACS mRNA Levels in Wild-Type Plants

We observed a considerable amount of variability in the
level of ACS4 mRNA among individual fruits of both wild-
type and transgenic plants when mRNA levels were nor-
malized to the amount of rRNA present in the sample (not
shown). In contrast, levels of ACO and E8 mRNAs were
fairly constant from fruit to fruit (Fig. 6). Reduction in E8
protein had no effect on ACS4 mRNA accumulation. Our
comparison of mRNAs in individual fruits has allowed us
to observe variability in mRNA levels among individuals,
which has not been previously reported. We also observed
variability in the amount of ACS2 mRNA in wild-type
anthers harvested on different dates, whereas other
mRNAs, including ACO, E8, and E4, were not affected by
this seasonal difference (Fig. 7). The ACS genes are known
to respond to a variety of internal, environmental, and
chemical signals, such as wounding, Li*, exogenously ap-
plied auxin, cytokinin, and ethylene (Kende, 1993), and
may therefore be more sensitive to fluctuations in environ-
mental parameters than the other genes we studied. The
variability we have observed among individuals in ACS
mRNA levels deserves further investigation.

E8 Expression in Flowers

We have found that E8 is expressed in floral tissues as
well as in the fruit and that its expression in flowers is
developmentally regulated. E8 is expressed in anthers only
when they are mature (Fig. 3B), but E§ is also transiently

expressed at a low level in stage 3 ovaries. GUS activity in
E8-GUS flowers did not correlate perfectly with data ob-
tained by immunoblotting. For example, we detected GUS
staining in stage 4 ovaries of a flower from an E8-GUS
plant but only detected E§ protein in stage 3 ovaries. It is
possible that the GUS activity in stage 4 ovaries is due to a
stable GUS protein produced during stage 3 (Jefferson et
al.,, 1987). Also, although we detected both E§-GUS and
E8-LUC expression in the pollen of transgenic plants (Fig.
1C), we were not able to detect E8 protein or mRNA (data
not shown). The fact that GUS staining was observed only
in approximately half of the E8-GUS pollen grains indicates
that the E8 gene is expressed in the gametophytic stage.
Thus, the GUS protein is not synthesized in maternal tissue
and imported into the pollen. E8 may be expressed at a
very low level in pollen so that we were not able to detect
E8 mRNA by blotting total RNA but were able to detect
GUS activity because the stability of the protein allows
accumulation to detectable levels and LUC activity because
of the absence of endogenous LUC activity. It is also pos-
sible that E8 mRNA and protein are produced prior to
pollen maturation and that these products are not stable in
mature pollen. In that case, the GUS and LUC activity we
observed could be due to protein synthesized at this earlier
time of pollen development. These proteins might have
sufficient stability to be detectable in the mature pollen.
Resolving the discrepancy between the expression of re-
porters and E8 mRNA and protein will require a finer
analysis of these products during pollen development, in-
cluding the use of more sensitive techniques to measure
mRNA and protein levels.

Although E8 is ethylene-regulated in fruit, our results
suggest that it may not be so regulated in anthers. In
ethylene-insensitive Nr mutant plants, E8 transcription and
mRNA accumulation are significantly reduced in ripening
fruits (DellaPenna et al., 1989). However, we found that E8
protein levels are normal in stage 4 anthers of Nr mutant
tomato plants (Fig. 3C). The Nr locus has been cloned and
shown to be a homolog of the Arabidopsis ethylene recep-
tor ETR (Wilkinson et al, 1995). However, the ethylene
receptor may be encoded by more than one gene (Hua et
al., 1995), and a second tomato ETR homolog that is con-
stitutively expressed has been identified (Theologis, 1996;
Zhou et al., 1996). It is possible that a gene other than NR
controls ethylene perception in the anthers of tomato.

E8 expression in anthers occurs at the same time as
expression of ACS2 in anthers (Rottmann et al., 1991). ACO
is also known to be expressed in the anthers of other
species (Tang et al., 1994), and we found significant levels
of ACC in tomato anthers (Fig. 5B). The pollen of many
species has been shown to contain extremely high levels of
ACC (Whitehead et al., 1983). It is thought that in some
species pollen-borne ACC is converted to ethylene upon
pollination and that ethylene then acts as a signal that
coordinates postpollination events (Whitehead et al., 1983;
Singh et al., 1992). However, the fact that we did not find
any effect on expression of ethylene biosynthesis genes in
anthers after reducing E8 protein levels suggests that this
coordinate expression of E§ and genes encoding ethylene
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biosynthesis enzymes may be coincidental. We should look
to properties other than ethylene biosynthesis that anthers,
pollen, and fruit have in common to direct future investi-
gations of E8 function.

CONCLUSIONS

E8 action has a significant negative effect on ethylene
biosynthesis in fruit. In fruit, E8 appears to affect multiple
steps of ethylene biosynthesis, suggesting that it influences
a regulatory pathway that controls the rate of ethylene
biosynthesis. Our results suggest that E8 does not function
primarily to regulate ethylene biosynthesis, since it does
not affect it in anthers the same way that it does in fruit. It
is likely that E8 has the same primary function in both
anthers and in fruit but that the product of the enzymatic
reaction catalyzed by E8 affects only ethylene biosynthesis
in fruit. Further study of the role of E8 in flowers and fruit
is necessary for a complete understanding of the mecha-
nisms for the control of ethylene biosynthesis.
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